(2), trivalent (3), and pentavalent (4) metal phosphonates Two tetravalent uranium compounds have been character-were also described.
INTRODUCTION
the crystal structure of Zr(O 3 PC 6 H 5 ) 2 by using powder diffraction data. The structure is quite similar to that of The first metal organo-phosphonates described in the zirconium hydrogen phosphate Ͱ-Zr(HPO 4 ) 2 и H 2 O (12). bibliography were tetravalent metal phosphonates. The Another example is the structure of vanadyl phenyl phosfirst examples being organic zirconium phosphonates, phonate, VO(O 3 PC 6 H 5 ) и H 2 O (13), which is related that Zr(O 3 PR) 2 and Zr(O 3 POR) 2 (1). In these compounds, the of ͱ-VOPO 4 (14) . organic groups are joined to the zirconium phosphonate We are currently carrying out a detailed study of some layer by covalent P-C or P-O-C bonds. Later, divalent metal phosphonates. As a result, we have prepared two by centrifugation, washed with acetone, and air dried. The uranium(IV) chloride solution was obtained by electrolytic reduction of uranyl chloride in hydrochloric or perchloric acid medium. Uranium(IV) solution must be acid to avoid the hydrolysis leading to another species, and should be peak shape function. Infrared spectra were recorded on a Perkin-Elmer 883 spectrometer with a spectral range of used immediately as U(IV) is easily oxidized to U(VI).
Another synthesis of uranium(IV) phenylphosphonate 4000-200 cm Ϫ1 , using dry KBr pellets containing 2% of the sample. The absorption spectra were recorded on a was carried out under the same conditions given above except for the addition of ascorbic acid (4 mg/ml at inter-Shimadzu UV-3100 in the 400-1700 nm range, with BaSO 4 as reference standard. Thermal analysis (TGA and DTA) vals of 15 min) and an increase in the temperature to 60ЊC. Adding ascorbic acid avoided the oxidation of U(IV) to was carried out in air on a Rigaku Thermoflex apparatus at a heating rate of 10 K min Ϫ1 with calcined Al 2 O 3 as the U(VI) that occurs at higher temperatures. This synthesis led to a product that had the same chemical formula but internal standard reference. Elemental analysis (C, H) was carried out in a Perkin-Elmer 240C analyzer. was slightly more crystalline. We used this solid, with sharper diffraction lines, for the structural study by X-ray
The uranium content for U(O 3 PC 6 H 5 ) 2 was determined gravimetrically by dissolving the sample in sulfuric acid powder diffraction. Attempts to grow single crystals by keeping the reaction mixture for a long time or increasing (1 : 1), precipitating the uranium with cupferron, and finally roasting it to U 3 O 8 . The phosphorus content was detertemperature resulted in a uranyl(VI) phenylphosphonate or a mixed uranyl(VI) uranium(IV) phenylphosphonate. mined colorimetrically as molybdophosphate complex.
The carbon and hydrogen contents were determined by Uranium(IV) pyrophosphate is the thermal decomposition product of uranium (IV) , Z ϭ 2, and V (nonhydrogen atoms) ϭ analysis by the GSAS program (19) using a pseudo-Voight 18.9 Å 3 /atom) with a figure of merit, M 20 , of 33 (23) . This Including the phenyl group at the ac and Ќ-ac planes, R WP was dropped from 16.6% to 11.8 and 10.0%, respectively. cell accounted for all the observed peaks in the pattern. Systematic absences were consistent with a C-centered unit These better R-factors show that the fit was improved notably. cell, with no further absence conditions. The centrosymmetric space group C2/m was assumed for the subsequent However, due to the high degree of rotational freedom along the P-C(1) bond, the phenyl rings may be rotated data analysis.
The derived unit cell for U(O 3 PC 6 H 5 ) 2 is related to that out in an intermediate position between the ac plane and the Ќ-ac plane. This would break the mirror plane symmeof Zr(O 3 PC 6 H 5 ) 2 (a ϭ 9.10 Å , b ϭ 5.42 Å , c ϭ 30.23 Å , ͱ ϭ 101.33Њ) (11), showing a close structural relationship. try at a local level, but the random disorder at long distances would result in the observed symmetry. We modeled However, the c-axis of the Zr derivative is doubled, leading to a different space group, C2/c. As the cell dimensions this possibility by refining the occupation factors of the ac and Ќ-ac models, constrained to give an overall full and the space groups were different, we attempted to solve the crystal structure of U(O 3 PC 6 H 5 ) 2 ab inito by using occupancy, 100%. In fact, refining the occupation fraction of these two orthogonal components, we were refining the powder diffraction data.
The pattern decomposition option (24) of the GSAS angle between the flat aromatic ring and the ac plane. This model further improved the fit, and R WP fell to 8.0%. Due (19) package was used to extract integrated intensities from a limited region of the powder pattern (10 Ͻ 2⌰ Ͻ 35.4Њ). to the disorder of the phenyl groups, and the presence of uranium, the refinement of the position of the carbons was A total of 42 reflections were used as input to create a Patterson map by using the SHELXS program. The posi-slightly unstable. As the geometry of the phenyl groups is well known in phosphonates (2b, 2c, 2c, 3a, 3b, 9), we tion of uranium at (000) was easily derived from this map. With this position, we came back to the Rietveld method. decided do not refine the positions of the carbon atoms, leaving them at the theoretical ones. The final model is The inclusion of uranium resulted in R WP ϭ 31% (R factor defined in Refs. (18) and (19)). The position of the phos-given in Table 2 . C(1) and C(6) are situated in the interjection line of the orthogonal planes. Hence, their occupation phorus atom was obtained from a difference Fourier map at the mirror plane (x 0z) with x Ȃ 0.35 and z Ȃ 0.10. The factors are 1.0 and were not refined, as they are not disordered. The carbons in ortho and meta positions are not on inclusion of this atom dropped R WP to 21%, and another difference of Fourier map revealed the position of the the ac plane and they are disordered.
The final refinement converged to R WP ϭ 8.0%, R P ϭ oxygen atoms. Rietveld refinement of the U(O 3 P) 2 framework gave R WP ϭ 16.6%. At this stage, further difference 6.0%, and R F ϭ 3.0%. Results of refinement are given in Table 2 , and the final observed, calculated, and difference Fourier maps did not reveal the phenyl ring. This was due to the presence of a very heavy atom in the structure profiles are given in Fig. 1 . The refined bond distances and angles are showed in Table 3 . (uranium), which masks the contribution of the light atoms (carbons) and the disorder of the phenyl rings (see below).
The first reflection (001) atom Ȃ15 Å had to be omitted Infrared Spectroscopy Study from the refinement due to its high asymmetry. Initially, The IR spectra of U(O 3 PC 6 H 5 ) 2 and Zr(O 3 PC 6 H 5 ) 2 are we refined the overall parameters (scale factor, unit cell shown in Fig. 2 . The IR data of the latter compound are parameters, zero-point error, and peak shape parameters), given for the sake of comparison. There are not bands and the background was fitted manually. Later, atomic in the O-H stretching and H-O-H bending regions at positions were refined with soft constraints in the P-O Ȃ3500-3200 cm Ϫ1 and Ȃ1630 cm
Ϫ1
, respectively. The C-H bonds, 1.53(2) Å . The refined O(1)-P-O(1) and O(1)-P-stretching vibrations of the phenyl ring are present around O(2) angles ranged between 112Њ and 103Њ. At this stage, 3000 cm
. At approximately 1400 cm Ϫ1 , the C-C aromatic we decided to include the phenyl group in the possible stretching bands appear. The intense band at Ȃ1160 cm Ϫ1 theoretical positions. As the P and O(2) atoms lie in the is due to the P-C stretching band, and the broad band at special position at (x 0z), C(1) has to lie in the same mirror Ȃ1050 cm Ϫ1 is due to the P-O stretching vibrations (25). plane at a theoretical distance of Ȃ1.80 Å and with C(1)-At lower frequencies, bands appear due to the bending P-O angles close to 110Њ. These two conditions are enough vibrations of the different groups present in these comto fix the C(1) position. The angle between the direction pounds. of the P-C(1) bond and the c-axis was Ȃ10Њ.
If the phenyl groups are not disordered, the flat rings Diffuse Reflectance Spectra should lie in the ac plane or in the plane perpendicular to this that is tilted out 10Њ from the bc plane. Starting from
The absorption spectrum of uranium phenylphosphonate is shown in Fig. 3 . Main absorption lines due to tetrathe position of C(1), we built two models with the C6 flat hexagonal ring in these two perpendicular planes, assuming valent uranium (5 f 2 ) spread from about 400 nm up to 1500 nm. In octahedral symmetry the electric dipole transi-C-C bond distances of 1.40 Å and C-C-C angles of 120Њ. tions f Ǟ f are strongly forbidden, but they are observed (27) described in the literature. In Fig. 3 is also shown the spectra of uranium(IV) pyrophosphate. In Table 4 the due to vibronic coupling. This behavior is clearly observed in the spectrum as there are four bands in the near-IR observed bands and their assignments for both compounds are given. region which corresponds to 3 H 5 , 3 F 4 , and 3 F 3 states (see Table 4 ). At 1675 nm an overtone C-H from phenyl groups is observed. The absorption bands in the VIS region are Thermal Analysis Study mainly vibronic in character, and these may be attributed mately 500ЊC, associated with a weight loss of 28%, is due to the combustion of the organic matter. The temperature of this exotherm shows the high thermal stability of this compound. The product obtained after the heating process was uranium(IV) pyrophosphate, UP 2 O 7 , identified by its powder diffraction pattern (20) . The theoretical weight loss of this process is 25%. An increase of weight due to the oxidation of U(IV) to U(VI) was not detected, which confirms that the final product contains U(IV). X-O-X groups, usually present static disorder to give an angular X-O-X bond. Hence, the large isotropic temperature factor of O(1) is due to static disorder around the ideal position (1/2, 1/2, 1/2) rather than thermal vibration. We attempted to model the disorder in a chemically realistic way by refining the position of O(1) in (x, Ϫx, 1/2), which results in 6 possible positions equidistant from the phosphorus atoms, and with a multiplicity of 0.167. A free refinement of the thermal factor of this oxygen converged to Ϫ0.02(1), an unrealistic negative value, although quite close to zero. In the final model we constrained the temperature factors for the two oxygens to have the same value, and this converged to R WP ϭ 11.7%, R P ϭ 8.6%, and R F ϭ 10.4%. Results of refinement are given in Table 5 , and the final observed, calculated, and difference profiles are given in Fig. 5 . The refined bond distances and angles are showed in Table 6 . 
DISCUSSION

U(O
The high crystallinity of this compound has allowed us to auto index its X-ray powder pattern. The quality of the The X-ray powder diffraction pattern of the thermal decomposition product of U(O 3 PC 6 H 5 ) 2 matches that of pattern was also enough to attain success in the ab initio procedure. From a combination of Patterson and differ-UP 2 O 7 (PDF No. 16-233). The crystal structure of UP 2 O 7 was partially studied (16), and it is known that it crystallizes ence Fourier maps, we have determined the framework of the U(O 3 P) 2 layers. The position and orientation of the in the cubic ZrP 2 O 7 -type structure. We have used the structure of ZrP 2 O 7 (17) as starting model in the Pa3 ළ for a phenyl groups have been estimated from the combination of modeling and Rietveld techniques. Rietveld refinement using powder X-ray diffraction data. First, the overall parameters (scale factor, background coThe lamellar structure of uranium(IV) phenyl phosphonate is very similar to those of Ͱ-Zr(HPO 4 ) 2 · H 2 O and efficients, unit cell parameters, zero-point error, and peak shape parameters) were refined. Second, atomic parame-Zr(O 3 PC 6 H 5 ) 2 . The layers are formed of Ͱ-M(O 3 PX ) 2 groups with X equal to oxygen for the phosphate and to ters (positionals and isotropic temperature factors) were refined. At this stage, the isotropic temperature factor of carbon for the phosphonates. The U atoms are located in planes at z ϭ 0 and 1. In a given layer, three U atoms the oxygen that bridges the pyrophosphate groups was anomalously high, U iso O(1) ϭ 0.15(1) Å 2 . This oxygen is form a pseudo-equilateral triangle, and the P atoms are situated just at the center of these triangles, approximately located at (1/2, 1/2, 1/2) to give a linear P-O(1)-P group. It is known that oxygens bridging pyrophosphates (28) 1.7 Å above or below the plane. This is the same layer arrangement present in Ͱ-Zr(O 3 POH) 2 · H 2 O (12) and zirand pyro arsenate (29) groups, that should result in linear In Fig. 6 the disorder of the phenyl groups is not shown, positions (11). In this two structures the c-axis is doubled.
instead a view of the Ќ-ac model is given. From the refined U(O 3 PC 6 H 5 ) 2 crystallizes in the C2/m space group, and occupational fraction of the carbons in the ac and Ќ-ac the c-axis does not need to be doubled. U lies in the special models, we can derive the angle between the flat phenyl position (0,0,0); P, O(2), and C(1) lie at the mirror plane group and the ac plane. The rotation angle along the at (x,0,z); O(1) lies in a general position. Hence, the phos-P-C(1) bond was 53Њ out of the ac plane. Although at a phonate groups have higher symmetry in U(O 3 PC 6 H 5 ) 2 molecular level, the phenyl groups violate the mirror plane (Cs symmetry) than in Zr(O 3 PC 6 H 5 ) 2 (C1), and this is symmetry, the random disorder of the phenyl groups at evident in the IR spectra of both compounds (see below).
long distances would result in the observed symmetry, a The crystal structure of U(O 3 PC 6 H 5 ) 2 is depicted in mirror plane at (x 0z). Disorder of the phenyl rings has been reported several times in metal phosphonates (2b, 2c). Very useful information can be extracted from the IR to the assignment of the different bands (Fig. 2) . ( (at 2/3 of the transmittance of the band for both compounds) is 118 cm Ϫ1 for M ϭ U and 142 cm Ϫ1 for M ϭ Zr. structure. The crystal structure is shown in Fig. 7 . The uranium atoms have an octahedral environment of oxygens. The U(IV) octahedra are linked together through six different pyrophosphate groups to give the threetural study for M ϭ U, the phosphonate group has a mirror dimensional network. The main feature of this compound plane symmetry (Cs, see Table 3 ), and from the reported is the static disorder of the oxygen that bridges the pyro structure for M ϭ Zr, the phosphonate group has no symphosphate groups. metry (C1) (11). Hence, the PO 3 C groups are more regular
We have modeled the disorder of these oxygens by refor M ϭ U than for M ϭ Zr. This is evident from the IR fining out of the ideal position, constrained to be equidisspectra (Fig. 2) , as the width of the P-O stretching bands tant to the two phosphorus atoms (Fig. 8) . With this condition, the isotropic temperature factor drops to a negative value although quite close to zero. This may be a consequence of improper modeling of the disorder, and a shortrange order of the oxygen disorder may occur. A synchrotron single-crystal study (30) of cubic MoP 2 O 7 revealed superlattice reflections, and the cell parameters had to be tripled to index those peaks. With the medium resolution data we have, superlattice reflections have not been observed, and we cannot study the possible ordering of these oxygens. Hence, the model for the disorder we propose is only approximate and may be the responsible of some angles of the pyrophosphate groups (86Њ and 123Њ) that are too far off the tetrahedral angle Ȃ110Њ. The absorption spectra of both compounds U(O 3 PC 6 H 5 ) 2 and UP 2 O 7 are quite similar (see Fig. 3 and Table 4 ). The data are fully compatible with U(IV) in a pseudo-octahedral oxygen coordination. The uranium environment in the pyrophosphate is more symmetrical and hence, the bands have slightly lower intensity. We thank DGICYT (Ministerio de Educació n y Ciencia) for financial support through research project PB-93/1245. of the oxygens that bridge the pyro groups is not shown.
